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At)strad

1 Iigh-quality  st~]~c1co]~(itlctc)r/I]orlll:\l-]l]ct:ll/s[l~>crc{~Ii(i[lct(JI-  (SNS) migc-gcomct~y  weak links

have been plo(iucc(i  on silicol]-oll-s:l~l]lllilc (S0S) substmtcs using  a ncw Srrl’i[)~/’’sccclay  clccubicubic-

74irco]lia (Y S7j) buffer system. “J’hc seed layer is a thin Ylla2Cu30-1..X  (YIICO)  or l’Il]aZCU~OT-x

(1’13[:0) film, which provides a template for growth  of the Sr’1’i[J~. “1’his multilaycr buffcl systcln

eliminates problems with series grail] lmuIIciaIy  weak Ii]lks scc]i i]] ccip,c  ju]lctions C)IJ sin[>,lc YSZ

lmffcl Iaycrs OII SOS, while the usc of ]llo(lcr:itc-(iiclcctlic-co]lst:lllt  SOS substrates shc)ul~i  benefit

lligh-fl-cclucncy  applicaticms  an(i cliahlc intc[:iatiolt  with silicon cilcuit[y. SNS weak lil]ks fab!-icatc(i

on SOS with I’13C0 ami Co-dcq}cCi-YIK~O  liorll]a]  metal layers exhibit cLIrIcIIt-volta:,c charactmistics

qualitatively consistent with the lcsistivcly-s lllll]tc(i-jllllctic)]]  mode], with lmxiulatillf,  ac-.loscphson

steps ami operation to tcmpcratum  above 77 K. ‘1’hcsc arc the first ] cporlcxi  cpitaxial  c(ip)c-p,comctly

SNS cicviccs on SOS substrates.

Keywords: applications of l~i@-’l’c s~l~>crco]](i~lct(~]s,  .ioscplIsoII  cffcd, multilaycrs, weak links, SNS,

silicon-on-sapphire, Ylh~Ck307-X
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1. Introduction

Excellent progress has been mactc over

temperature superconductor (11’1’S) Josephson

the past few years i]]

wcnk links utilizing a

the dcvelop~nmt  of high-

varicty  of different device

technologies. one of the most promisilig  approaches

stmcturc using an oxide normal metal de~lositcci  on

[1 ,2,3,4,5,6]. While the devices still require futthm

is an epitaxial  edge-gconictry  SNS device

an ion-milled YBCC)  base electrode edge

optimization, these 11”1”S weak links are

appI-cJaching,  the quality ncccicd for a ~lulnbc~ of hi~h fI-equmcy applicatiolis  includins  Josephson

Inixcrs for sub-11111~  wave rcceivcrs,  local oscillators foI mixers, and ultra-high spccc] lc)gic  circ~lits.

Such }ligh fIequcIlcy Erpp]icatiolls  OflcIi  recluile  low-tc~-l”llc(iitllll  ciielectIic  constant substrates (c <1 ~)

in order to optinlizc  coupling to the active clc IIleIlts (e.g. wavcguidc  Inixcrs) aIIci to Inaximizc the

propagation velocity in circuit intcrconIiccts. Al] additional i~lflucncc 011 substtate choice is the fact

that many applications wouid  also bclicfit flonl tl]c ability to inlcgratc silicon and s~l})c!coIld~lctc)r

circuitry on Ihc srImc substrate. IIowcvcr,  acceptable substmtcs foI 11’1’S fil II-I growth aIc liInited  by

the rcquircmcnts  for a reasc)nablc lattice match to the oxide stl13crcC)1~L~Llcto] , as well as chcIliical

compatibility with the superconductor at the ~Iowth tcmpmatulc. 111 palt  bccausc  of these

constraints, most }1’1’S film growth and device stu(iies have been done on much higher-ciiclcclric-

“)5) or Sr”l’i[)~  (E = 300).constant substrates, such as L,aAIQ~ (c s . . .

l<cccl]t proglcss  iI) buffer layer technology has Iclaxcd SOIIIC of the lilnitatio]is  011 substIatc

selection, allci  macic new substrate choices possible. A nulnbcr of gIc)ups have clcll]onstratcd  that

h i g h  q u a l i t y  cpitaxial  Y13C() f i l m s  c a n  bc growII on YS7. a]lci othcl buffel iaycIs  o n  S i

[7,8,9,1 0,11, 12] and Si-on-sappl]irc  (S0S) suljstl:itcs  [ 13, 14]. ‘1’iIcsc  substlatcs  aIc atttac~ivc  fOI- }Iigh

fICCIUCllCy applications bcca~lsc  they haVC mocicralc ciiclcctIic  cc)l~sta~]ts  (~si == 12, Esc)s Z= 9-11 ) aII(i

allow fk~r the possibility of Si device it~tcgration. l-lowcvcr-,  Y 1+~() fiims growII oIl Si suffer  fI 0111

cracki]lg  allci  aging problems ill krycIs thiekcl  that) about  500 ~ ciuc to strai~] in~iuce(i  by diffcrcntia]

tllcllt)al  contI-action  during cooling fro~n the gI owth tcInpcratul-c [S, 1 i ]: ‘1’hc a-b average of the

Yll(;O Incan thmnal  expansion cocf’ijcicnt, (xl[,, floln 20-S00”[” is 15 x 10-6 / “C’ [i5], wijilc tot Si,

CXll, (20-SOO”~) = 3.8 x 10-6 / 0(2 [1 6]. SilicoI1-oll-s;lp~  lllil-c  is a better suhsttatc  foI 11’1’S hi~il-
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frequency device fabrication for a variety of reasons. Sapphire has a thfXIIKd expansion coefficient

more closely matched to YBCO (for sapphire, cxIll(20 -800” C) =- 8.2 x 10-6 / ‘C, averaged over the a

and c-axis directions [1 6]), and YBCO fllnus as thick as 4000 ~ can bc grown on SC)S substrates

without cracking [13]. S0S substrates are also robust and have low high-frequency Iosscs. in

acidition,  silicon-on-sapphire growth technology has dcvclopcd  to the point that SOS wafers with

CMOS-quality Si are commercially available. An important point is that the Si epilayer  does not

hincicr  the growth  of high-quality YRCO  ovcrlaycrs. in fact, with the proper buffer layer

tcch~lologies,  better quality YRCO films have been ~rown 01] silicol]-on-sapphire  than on buffer

layers ciircctly on sapphire substrates [ 13, 14].

Most research to date has focused 011 optilnizatiol) of single-layer YHCO filwi growth on

various buffer layers on SOS substrates, but llur[ls, cl al. have rcccntly  rcportccl  the fabrication of

WI’S glain-boundm-y junctions and flux-flow transistors combined with small-scale CMOS circuits

011 the same SOS chip [17]. Ilowcvcr,  to out kllowlcdgc, there have been no reports of epitaxial SNS

edge-geometry weak links on any ll~odcratc-dielectric-corjst:lr~t substrates, including Si and SOS.

l“his may be partly due to the fact that the fabrication of edge-geometry wcfik links is cc)nlplicated  by

additional restrictions on the choice of suhstl  atc atld associated buffer layc]s, since good cpitaxy must

bc maintained across the intcrfacc bctwccn (I1c YIIC()  base clmtrocic  and the underlyi]lg material.

Such a requirement is nontrivial, bccausc  sc~~nc comlnonly-usccl buffer layers forlll interracial

reaction Iaycrs with Y13C0  and arc not lattice-matched to YI+CO ill the c-axis. ‘1’hcsc  points arc

discussed in n]orc dctai] below.

l’his paper reports on Y}ICC) film glowth and the fabrication of epitaxial edge-~co]nctry SNS

weak links o]) several different buffer Iaycr colnbir)atiolls  on SOS substrates. In brief, it is foutld that,

whi]c high-quality single-laycl YBCO fil]]ls can bc ~~own on YSZ buffer layers, edge-geometry

weak links fabricated On YSZ, exhibit problcl]ls with series grain-boundary weak Iillks. }Iowevcr,

high quality SNS edge junctions can bc producccl  on Sr’1’iO~.  III ordm to obtail] high cluality cpitaxial

Srl’i03 layers on SOS, wc have dcvclo~)cd  a Sr’l”iO~/’’sccla yereYSZ/YSZ buffer systc~li  in which a

Y13C0 or I’llCC) seed Iaycl pmvidcs a template for growth  of the Srl’iO~ top layer. Without the seed



Iayer, the SrTi03 docs not grow epitaxially,  and YD~O  overlayers  are not superconducting.The

present study differs from previous 11’1’S device work o)i SOS substrates in its focus on epitrrxial  SNS

devices, as well asthe  fact that thell”l”S weak links arcproduced  ciirectly  ovcrbuffcrkrycrs  on the

underlying Si ej~ilayer,  rather  than on a portion of the substrate where the Si has been etched away

[1 7]. This approach allows, in principal, three-(iinwnsional integration of Si and 11’1’S circuits, as

WC1l as stl~~erc,o~~dtlc.tit~g  iritcrconncct  runs above uncicrlying Si circuitry, although nonepitaxial

pox tiom of t}lc Si circuit (e.g. the MC)S gates) woul(i have to bc avoicic[i.

2. Ndge-gcornctry  SNS wenk link fabrication

The basic device structure usc[i in this work is an c(i~c-geometry SNS weak link, as shown in

];igurc 1 (a). ‘1’hc device consists of a c-axis-oliclltc(i  YBCO base clcctmdc  with an cxposcci ccigc.

An epitaxirrl  normal metal is dcpositcci  on the YB(() edge, follo~vc[i  by dcpositicrn  of the YRCO

countere]cctrodc.  Bccausc  tile top suIfacc  of the base elecnc)(ic is covermi  by a ti]ick insulator,

c!cctrical  contact between the YBC.C)  electrodes is conflnc(i  to the edge of the 1OWCI-  Y13CCI  fll~n.

‘l”his geometry has the a(ivantagm timt the critical N/S interfaces arc locatc(i  on the longer-cohercncc.

Icngtll  YBCO Surfaces, and that submicron  dcvicc arcns can bc rcalizcci  using convcntiona

~~l~otolitl~ogr:lpl~y.  In addition, the effcctivc  micmbridgc  length is cictcrlninc(i  by tbc norlnal recta

tbickncss,  an(i therefore vcr-y shorl, r)l CCiSC]y-CO1ltl”ClllCd  bricigc lengths (and bcncc critical currents)

arc achievable. l-he edge geometry also  sinlpliflcs  basic circuit fabrication bccausc  tbc

cotllltcrelcctrc)cic  serves as the wiring laycl, and no a(i(iitional  epitaxial  inslliator  and superconductor

lrrycrs arc ncccicci, in contrast to sallci\vicll-gcol)  lctly, tl ilayer junctions.

Ilctails of the, filJN deposition and c(ip,c-gc.omctry  weak-lil~k  fabricfition  proccssm  have been

(icscribcd previously [2,5,1 8,19,20], but will bc blicfly  sunllnarizc(i here, including sclmc recc~~t

process changes made to improve Yl~~O film quaiity and dcvicc yiclci. Ilcvicc  fabrication begins

~vith puisc[i Iascr cicposition  (PI 1]) of a c-axis  -oricntc[i Yll  CO thin fi lm onto a subs[late  or

previously deposited buffer lfiycrs. l’hc 1’1.1> process is gcl]erally done at a t:irgct-to-stl13stI:ltc

distance of 5 cm at an oxygen pressure of al)i)roxin)atcly  400 m-l’. ‘1’hc laser bcain is sca]]nc(i  raciially
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over a rotating 2 inch diameter target, and the substrate is oscillated approximately onc cm from side

to siclc,  parallel to the target surface to achicvc better fllnl uniformity. Our recent device work has

utilized ablation targets of nominal composition Y1)al .g51-.a0.05C~l~C17.x,  because a small amount of

J,a doping is reported to produce higher YEWO transition temperatures [21]. We have found that the

combination of working at relatively short target-to-substrate distances and using the La-doped

YBCC1 target  has resulted in better YBCO film quality and reproducibility with typical transition

tcmpcraturcs  ranging from 89 to 91.5 K. F’ollowill~  ~,rowth of the base electrode, a thin (1 00-300 ~),

noncpitaxial  MgO, YSZ, or Srl’i03  passivatioll layer is deposited over the Y1; C() before relnoval

from the Iascr ablation chambm. Wolk is also in pro~~tess  to develop all-cpitaxial  Y}l(:O-insulator

bilayels  to allow superconducting wiring runs above the base clectlode.  Next a thick (= 0.3 to

0.8pm)  Mgo,  YSZ,, or Sr”l’iOq  layer is deposited by c-beam evaporation or PI ,1) and pattexncct  using

a chlorobcnzcnc  or reversal-process photorcsist  liftoff stcricil. ‘1’}lc  best liftoff results have been

obtained usinS an AZ 5214 photoresist  reversal process with AZ developer mixed  1:1 with water.

~’he patterned insulator film is utilized as an ion milling mask with 300-500 CV Ar ions at a milling

ang]c of 60° fl-om the substrate normal to proclucc  a tapcled edge ill the YHCCI base clcctroc]c. For

early samples the edge cutting step was sometimes followed by a low energy (50eV) ion clconing

step, but we have found more recmitly that this cleaning, is not csscl)tial for fabrication ofhigh quality

devices with this all-in-situ process. Just afkn- milling of the Y]+(3O cclgc,  within the same vacuum

system, the normal metal layer and YHCO countcrclcct[  odc are deposited at growth tclilpcratul M of

R 775-800 C. A lithography and ion millinp, step is then usec] to pattern via holes down to the lmsc

YBCOfilm  and to liftoff Au contact pads. Finally, another Iithog,raphy  and nlillinS  step defines the

cc)untcrelectrodc. Completed devices have ncmlinai countcrclect]  O(IC widths ranging from 25 }Lm to

1.25 pm.

A kcy requirement in fabrication of edge-gconletry SNS weak links is prcvclltion  of the

fonlmtio]l of a Srain boundary in the YBCO coulltcrelcct[odc  bclo~v the dcvicc cclgc (se: IJigure

1 (b)). Such a grain boundary is undcsirablc bccausc it forlns an additional weak link in series with

the SNS weak link at the base clcctrodc MISC. Nucicatiol]  of a c[J~ttltcrclcc(lc)clc  grail] boLIndaIy  call
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be prevented, in part, by tapering the base clccttodc  edge using an angled  ion milling process, as

described above [18, 19,22]. Ilowever, it is also important to note that, because ion milling is a

nonselective etching process, the edge-cutting step inevitably mills at least pmtially into the substrate

or buffer layers below the YBCO  base electrode edge. As a result, the normal metal  and

countcrelcctrocie must grow over the base-elcctrocidsubstrate  (or buffer layer) interface. If the c-axis

lattice constant of the substrate or buffer layer cioes  not match that of YBCO, or a YIICO-substrate

(buffer layer) reaction layer exists, epitaxial growth of the nor[nal  tnctal  and counterelcctmdc  may bc

ciisl  uptw], resulting in formation of a graiti boundary it] these layers, as shown in I;igul c 1(b). q’bus,

for fabrication of rcproduciblc,  high-quality ed~c-~c.onm.try  weak links, it is ilnportallt  tc~ usc

substrates or buffer layers which provide a c-axis Istticc Inatch,  and do not forln a reaction layer at

the YIICO  interface. As will bc SCCX1  in the next section, these argunients  arc consistent with

problelns  seen in device fabrication on YSZ huffc~” layers cm silicon-on-sapphire.

A numbcl of other buffer Iaycrs that c])ablc  Iiigh-quriiity  single laycI YRCO filln growth 011 Si

or SOS have been reported. IIOWCVCI-, tl~csc buffcx layers may also bc unsuitable for eclgc-gcomctl-y

weak link fabrication for the reasons presented above. For exampic,  a YS7./CcO~ buffm layer systcm

has bcctl shown to produce cxccllcnt quality YHCC) films on SOS [ 14], but CcO~ may not bc ideal

for ccigc  junction  fabricatio~~  bccausc it dots not lattice match Y13C0  in the c-axis ((~cOZ is cubic

with a = 5.41 ~), and a Y13C0-C.C02  rcactic)l~  layc]-  is known  to fom for gI-owth  temperatures near

790 “c [23]. Si~nilarly,  although high-quality Y13C0 films can bc gJown  on YzO~/YSZ double

buffer layers on Si(100) [24], Y2C)3 is cubic with a = 10.6 ~ and ciocs  r)ot pmvidc  a c-axis match to

YIICO,  suggesting that this buffer systcm, moy likewise lead to ~,rain boundmy  nucleation problems.

On the other hand, I.aAIO~ and Srl”i03 substrates have been sNcccssfully usc(i for fabrication of

edge-gcolnctly weak links with icm-millc[i  c(igcs [2,4,5,25]. Altilough  ttlcsc cubic materials do not

hfivc lattice constants close  to the c-axis of YIICO, thci] lattice constants arc very C1OSC to onc third

of the YBC. O c-axis so that an eff’cctivc lattice match is still ilossible.  11] nciciition, cross-sectional

transmission electron microscopy (TIih4) stu(iim  of Y13C0  films on 1.aAIO~ and Sr-1’i03 sho~v  no

cvicicncc for reaction with Y13C0 at typica’ growth tcI]l~)cIOturcs  [?6,??]. “1’hcsc  results suggest that
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LaA103  and SrTi03 buffer layers on SOS should bc compatible with

Sections 4and5exan~inc  YBCOfihn growth ancicdgc-geometry weak

based buffcrlayer  systemsonS  OS.

edge junction fabrication.

ink fabricationon  SrT”iO~-

3. YBCOfiims  and SNSweak lirlksoIl  YS7, h~lffer layers  o~l SOSsubstratcs

Fabrication of Y13C0  films ancl devices on Si or SOS substrates rcquim a buffer layer to

prevent reaction between YBCO a]ld Si. l’hc most commonly usecl  buffer Iaycr has been cubic

zirconia, because YW buffer layers gIowI] cpitaxia]ly  on Si c!iablc the g[-owth of high-quality YBC()

ovcrlaycrs.  Following the work of I;ork and coworkers [7], wc cicvclopcd  a YBCO film growth

process over YSZ buffer layers o~] 111~-clcancd  SOS substrates. More recently wc have used a

nmdifled  cleaning process which relics on 2rC)?  reduction of the native SiO~ layer on the Si surface

[12,24,?8]. q-he r-~)lane {1 102} SOS subst,atcs  arc obtaine(i  colnmcl-eially  [29], and come with

nominally unciopcd,  0.3 pm thick Si cpilayms. With the stan(iarci 111’-cleaning process, the etched

SOS substrates arc mounted with clips 0]1 a }Iaym-s metal fralne with a hole slightly smaller than the

1/2. inch square substrate, and immcciiatcly  loaded irlto the (imposition system. The substrates are

ra(iiantly  healed to the growth temperature i~] vacuum, a small amount (== 10 ~) of YS7  is deposited,

an(i then 1 m’1’ of oxygen is admittcci  arid the YS2. deposition is compicte(i. The modified cleaning

process also begins with an IIF etch, but the substrates arc then mounted on a 1 Iayncs  metal backing

plate with silver paint and baked on a hot plate ill air at = 100”C for 20-30 minutes, resulting ill

reoxi(iation of the Si surface. ‘1’hc YS7 deposition thc]l proccccis  as Llsual,  with tile initial YSZ, layer

dcpositc(i  in vacL]um,  which is rcportcci  to re[iuce  the native Si oxide layer [1 2,24,28].

The YSZ deposition is followed by growth  of a YIICO layer at nominally the same

tcmpc! atulc,  but with a higher oxygen pressul-e ( 120-400 ml). I’hc actual growth tcmpcmtur es arc

not well known with the radiant hcatillg  process, but arc estimated to be approximately 800 C. With

the silver-paint-mounteci substrates, grc)wt]t  tcmpcraturcs  are 775 - 8004C, as lllcasurcd  by a

pyromctm  on Si chips

Y13C0  base electrode

mountcci a(ijaccnt to the dcvicc substrate. ‘1’ypicai  YS7J buffer

thicknesses arc 0,2 pm an(i 0.15 pI]I, rcspectivcly,  and the Y

layer anti

lc[) film
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electrical properties are comparable to films grown on LaA103  substrates. Following deposition of

the YBCO base electrode and the overlying passivaticm  layer, our standard edge junction process was

used to fabricate SNS weak links with 150 ~ PrBa@:307.X  (PE3CO)  normal metal layers and 1400 ~

YBCO  counterelcctrodes. The total YBCO thicknesses were kept below 3000 ~ to minimize

potential problems with thern~al-stress-inciuced  cracking of the YBCC) films.

h’igurc 2 shows typical current-volta~e  (I-V) characteristics for a YBCO SNS edge-geometry

weak link on a YSZ, buffer layer on silicon-on-sapphire with a 150 ~ PHCO norm] metal layer at

4.2K. ‘1’hcse electrical characteristics clearly susgcst  the presence  of a scconcl weak link in series

with the PBCO weak link. The most likely explanation of a scx-ies  weak link is the forlilatic)n of a

grain boundary in the YBCO coutltcrclcctlodc.  Such a grain bounc!ar-y could nucleate at the intcrl’acc

bctwccn  the YHCO base electrode and the YS7 buffer layer. WC have used cross-sectional high-

rcsolution  tra~ismission  electron microscopy (111< ”1’F,M)  to examine this interface in unpattcrneci

YB(O/YSZ bilaycrs  and found  that a thin 30-50 ~ reaction layer forms between tllc Y13C0  and

YSZ Other workers have also obscrvcci  this reaction layer and incicntificci  it as I{aZrO~, which has a

cubic pcrovskitc  structure with a Ititticc constant of 4.2, ~ [?3,30].  A grain bourlcta~-y  could nuc]eatc

at the YBCO-YS7,  intcrfacc either due to tltis lattice-ll)islllatchcc\  reaction layer; duc to the lattice

mismatch in the c-axis between the I’13C0 and Y13C0 ovcrlaycrs an(i the YSZ buffer (a = 5.14 ~); or

due to reaction between the PB(20  normal nlctal  Iaycr and the YS7 buffer. Wc have founct that the

I-V c.haractcr-istics  of SNS wcfik links fabricatcct  on YS7, buffer layers on 1 aAIO~ also show doublc-

weak-link behavior, whereas dcvicm procluccci  cii)c-ctly  on I aA103 do not, confirlning  that the YS7

buffer is causing the series-weak-link probicm,  rather thrrrl some stress-rclatc(i  C)I otbc:  effect

associated with the SOS substrates. Othcx-  recent work has aiso shown that YS7. substrates Icad to

g[ain bounciary  nucicotion problems in I ITS ccigc-gcomctr-y cicvices [31]. Although the exact  cause

of the series weak link is not knowll  at this pc)int, it is cicar that tlicrc is a problcm rclatc(i to tllc YSZ

buffer iaycrs, and an aitcrl]atc buffer layer systcrn  is ncccimi for weak li]~ic fabrication on silicon-otl  -

sapphirc substrates.



4. YBCO films on SrTi03-basecl rnultilaycr  buffers on SOS substrates

4.1 YBCO/Sr7i03/YS2Z90S  heterostructures

Because the interface between the Y}-lCC) base clcctrodc and the YSZ buffer  layer apparently

leads to grain boundary formation in the edge junction counterelectrodes,  direct contact between the

YBCO base electrode and YSZ should be avoiclcd. In principal, the YSZ could bc eliminated entirely

by using a buffer layer such as SrTi03  (S”l-O). S“1’0 is compatible with edge-geometry weak link

fabrication, because it provides an effective c-axis lattice  match to YB(O (Saslo = cYf,cC,), and does

not react with YBCO at normal growth temperatures, as discussed earlier. STO has a relatively high

dielectric constant, but this should not have a significant effect for S“1’0 thick~]esscs much less than a

wavelength at the frequencies of intcmst. IIowcvcr,  it has also been found that S“1”0 does not grow

cpitaxially  on the Si (1 00) sut face [8], so that ciircct  growth of an S“1’0 buffer Ioycr on SOS is

probably not possible and another process is ncccssaty. Hecausc cubic zirconia does grow well on

Si(100), an obvious altenlatc approach is to grow S1”0 over a YSZ buffer layer on SOS as showII in

Figure 3, In a test of this method, wc used pulsecl. laser deposition to grow YFIC@/S”l’O/YSZ

hctm-ostructurm  on SOS sxibstratcs. The basic ~rowth  process is sirnilal” to that clcscribcd ill the

proceeding section, except that the intcrmcdiatc S“I’O buffer layc~s \vcrc gc~lcrally g~own at oxygen

pressures of 120-200 ml”’ at nominal tclnpcraturm  approximately 40”C below tbc YSZ alid YRCO

growth temperature. Typical layer thicknesses were 1200- 1500 A for the Y13C0,  1500-2000 A for

the S1”0, and 400-800 ~ for the YSZ.

“1’he  stmctural  properties of the Y13(’()/Sr’1’i()  3/Y SZ/SOS multi layers were studieci using x-ray

diffraction and crc)ss-sectional llR’l’l:M, and the s~IIJcI-co~~ciLlcti]ls  properties of tile Y}lCO were

examined by ac susceptibility tests. ‘1’hcsc stuciics indicate that the S-l’O Liocs not glow cpitaxiaily on

the underlying YSZ, buffer layer, rcsuiting  in a very poor quaiity  YB(O top layer. An x-ray

diffraction 0-20 scan on the sample ciisplaycci  only (diffraction peaks f’roln tbc sapphil-c substrate

and the Si and YS7, cpilaycrs: q’here were rio YIICO or S-l”O (ii f’fraction peaks. “1’hc llR’I”IIM  cross-

scctions confirmed the x-ray analysis: the lattice ilnagcs  an(i ciccuon  ~iiffraction  patterns showed

crystalline Si and YSZ epilayers,  bu( there was no clear boul)dary bctwccn  tl~c S’i’O all{i  Y1lCO



layers, and no long-range crystallinity  in those layers. AC susceptibility measurements of the YBCO

film OrI the same sample showed no superconducting transition to below 10 K. These results are all

consistent with very poor quality S1”0 growth on the YSZ, buffer layer, which is supported by a

previous study of epitaxial insulator multihiyer  growth [32]. The reason that S“1’0 does not grow

epitaxially  on 7,r02 (100) surfaces may be qualitatively understood by considering the (100) surface

te~minations  of the two materials. In the [100] direction, cubic Z,rO~ consists of alteulating  anion and

cation planes, while SrTiO~ consists of alternating Sr-O ancl ‘1’i-0~  (i.e. mixed anion-cation) layers.

An epitaxial  interface would thus require io~ls of the same charge to be in C1OSC proxinlity, which is

energetically unfavorable.

4.2 YBCO/LVrli03RBC0/YS2/LTOS  hetcrostn{ct[tres

Although S1’0 does not grow epitaxial]y on YS7  buffer layers, a relatively simple modification

of the structure shown in Figure 3 produces a dramatic improvement in the epitaxial quality of the

STO and YDCO ovcrlayers. l’his modification is based upon the observations that YBCO (ancl

analogs, sLlch  as PE3CO) exhibit high-quality epitaxial growth on YSZ. anti S“1”0 is known to grow

cpitaxially  over YBCO cpilaycrs. IlcIIcc the acldition of a thin YBCO (c)r PHCCI)  “seed layer” over

the YSZ buffer on the SOS substrate shoulcl  serve as a growth tclnplate for cpitaxy  of the S1’0 atid

YBCO ovcrlaycrs. The basic idea is illustrated in l:igllre 4. Wc have prociuced  hctcrostmcturcs  of

this type, anti do, in fact, see a remarkable improvement in the S“1’0 and YBCO fil]n quality relative

to structures without the seed layer , as dcterlninc(i  by x-ray cliffraction, ac susceptibility, and

111<1’IIM n~casurcmcnts.

q’he film growth process and Iaycr thiclmcsscs for the slrmcture shown ill Figure 4 arc the same

as the process cicscribcd in the previous sections, except that a thin ( 100-250~)  YBCO CM l’ll CO fll]n

is grown using our standard laser ablation prc)c.sss just before growth of the S-l’O. X-ray .0- 20 scans

of n)ultilaycr-s  procluccd in this way show all the cxpectccl  S“1”0 an(i Y13C0  (00/) diffraction peaks,

inciicoting  that the S-l’O and YBCO layers arc c-axis-oriented, unlike structures ~vithout  the YIIC’O

sccci layer. In addition, ac susceptibility tncasurcmcnts  rcvc:ll a dramatic ilnpro!

sllllcrcorlti~lctitlg  properties of the YIICO top layer. liigurc  5 presents ac susccptibi

cmcnt ill the

ity (iata fOI- a
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YBCO/STO/Yi3C0/YSZ/SOS  hcterostructure  with a 100 ~ YBCO seed layer, which shows a sharp

superconducting transition with an onset at 89.6 K and a transition width of 0.6 K. Similar transitions

are seen for heterostructures  incorporating PBCO SCCCI layers. These results are comparable to our

best films on LaA103  and should be contrasted to the same measurements made on structures without

the YFICO seed layer, which were not superconducting above 10 K. lJsirlg a cleavage technique for

sample preparation, cross-sectional lIRTEM  studies were also done on these samples. Figure  6

shows a TEM cross-section of a YB(;O/Sl’O/YBCCVYSZ/SOS  hetercrstructure  and convergcnt-

beam-electron-diffraction pattcms  for each layer except the thin Y13C0  seed layer. ‘1’hc magnified

views of the YllCO  seed layer and the YBCO top layer show that the YF+CO films arc cpitaxial and

c-axis-oricntcci. 3’hc bottom of the YBCO seed layer also shows the expcctcd  Ba7r03  reaction layer

at the YBCC)-YSZ,  interface. Although diff]cult to scc on the scale of the fl~ure, clean lattice fringes

arc present for the Si, YSZ, and S“1’0 layers, and the electron diffraction patterns conflrnl that all

layers arc e~~itaxial,

‘l’he x-ray, ac susceptibility, and HR’1’};M studies demonstrate that incorporation of a YBCO or

PF3C0 seed Iaycr leads to a dramatic improvement i~l the epitaxial quality of the S-lo and YBCO

ovcrlaycrs.  More quantitative studies of the epitaxial  cplality of these hctcrostructurcs  are in progress,

while SNS device fabrication and results on the electrical transport properties of the top YBCO layer

arc discussed in the following section.

S. SNS wcnk  links  OrI S“I’0~’]lCO/YS7,  bllffcr  layers on SOS

lJsing the S“I’O/YBCC)/YSZ multi  layer buffer  sys tem, wc have fabricated high-quality,

cpitaxia], edge-geometry SNS dcviccs o]) SOS substJatcs, which show no cvicicncc  for series grain-

boundary weak links. The structure shown in Figure 4 serves as the starlins  point for dcvicc

fab~ication, with the top YBCO film becoming the base clcctrocte  of the complctcd  SNS edge

junction. Weak links have been produced with both PBC() arlci  Co-doped-YBCO normal tnctal

layers. Wc utiliz,ed  our standard edge jul~ction  process for (ievice fabrication, with base electrode

11



YBCO  thicknesses of 1200 - 1500 ~, oxide normal metal thicknesses of 65 - 150 ~, and

countcrclectrode  thicknesses of1100-  1600~.

The current-voltage (I-V) characteristics for-atypical YF3C0/P13C0/YBCO  edge-geometry

weak link on Sl”O/YBCO/YSZ  buffer layers on a silicon-on-sapphire substrate arc shown in Figure

7. I’hc PF3C0  thickness is 65 ~ and the tcmpcraturc  is 65 K. ‘1’hc electrical characteristics are

qualitatively consistent with the resistively-shttnted junction (RSJ)  model, although there is a

significant amount of excess curlcnt. The weak-link critical cul-rent c]ensity, JC, is 3.4 x 10’1 A/cn12,

the ICRII product is 145pV, and the R ~A product is 4.3 x 10-9 fl-cmz.  l’hesc results arc cc)nsiste:lt

with results obtained for PIICO devices on 1,aA103 substr-atcs [5]. “l-he PIICO weak links  on SOS

also exhibited ac Josephson steps,  which showed the expected voltage spacing and moduhrtcci  with

varying microwave power. The most important point to Iiote is that the I-V data for this device

shows no indication of the series weak links that were seen in edge junctions fabricated directly on

YSZ buffer layers (SCC Figure 2), even for currents a~) orcicr  of magnitucic  larger than shown in Figure

7. This suggests that the multilayer  S“l’O/YBCO/YSZ  buffer system is, in fact, preventing grain-

boundary nucleation at the base-clcctl’oc] c-Y13C()/illsLllator intcrfacc,  pl”esunlably  because Srl”i03

provides a c-axis lattice rnotch to P13C0 and YB(O, and dc)cs not react at the growth temperature.

Figure 8(a) shows the I-V charactc:istics  at 70 K fc)r an ed~c-geomct[”y  SNS weak link on a

STO/YF3C0/YSZ multilaycr  btrffcr on a silicon-on-sapphire substrate using a 150 A

Y~3a@2,8CO().~07-x  (YBCCO) normal metal layer. Co-dc)pcd Y13C0 with a Co-dc)ping  level  of 0.2

has a transition temperature of approximately 40- 50 K, and has previously been used to fabricate

high quality SNS dcviccs on I.aAIO~ substmtcs in our OWII labomtory and elsewhere [33]. As can be

seen in Figure  8(a), the electrical characteristics of the YBCCO wcok links 011 SOS ax-c also

qua]itativcly  consistent with the RSJ model, although there is some excess current. l’hc electrical

parameters  of this dcvicc at 70 K arc Jc = 1.2 x 10S A/cn~2, ICl<n = 140 JIV, and R,lA = 1.2 x 10-9

L1-cm~, which arc consistent with our previous Y13CC0  device results on I aA103.  ‘1’hc microwave

response of the Y13CC0  weak link under 1 ‘1.4 G] 17, irradiation is presented in Figure 8(b). As with

the I’IICO devices, the ac Josephson steps occur at the cxpectc(i  voltage spacings a]~ci pcrio(iicnily
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modulate to zero as the applied microwave power is varied. At 77 K, the electrical parameters of this

device are Jc == 1.9 x 104 A/cm2,  IcRn =- 30 pV, and RIIA = 1.6 x 109 f2-cn#,  as shown in Figure

9(a). Figure 9(b) shows a large-range curlellt-voltage sweep for the same YBCCO weak link. Three

is no evidence for a series grain boundary weak link, but a gradual transition to higher resistance is

apparent at drive currents above approximately 3.5 nlA. This transition is believed to corl-espond  to

the critical current density of the YBCO countcrelectrode,  giving an electrode Jc of= 1.3 x 106

A/cn12  at 77 K. Separate measurements of patterned bridges in the base ancl counter-electrode YHCO

layers OJ] this chip and several other chips inclicatc cutrcnt densities in the range of S x 10~ to 2 x 10~

A/cn~2 for both YBCO Iaycrs at 77 K. l’hcsc Jc values are close to the current densities seen for

high-quality single layer YBCO films on LaAIO~  (= 3 x 10G A/cn12), and further optimization of the

buffer layer and YBCO growth processes is expcctcd  to ICXJd to even hi~her electrode current

(lcnsitics  on SOS.

l-he PBCO and YBCCO device results demonstrate that the acidition  of the YJICO seed layer

and the S“I’O buffer layer above the YSZ buffer cnrrblcs the fabrication of high-quality edge-geometry

SNS weak links on silicon-on-sapphire substrates. SNS weak links fabricated on this multilaycr

buffer system on SOS are comparable in quality to our best devices on LaAIO~, and show no

evidence for series grain boundary weak links. High JC values are obtained for both the base and

countcrelcctrodc  YBCO layers. I’his dcvclopmcnt prcwidcs the technology necessary for ultra-higtl-

frequcncy  HTS superconducting dcvicc  applications, as well as enabling the integration of

superconductor and semiconductor circuitry. From a circuit perspective, this approach also has the

advantage that a superconducting ground plane can bc naturally incorporated into the clcvice  stmcturc

simply by using a thicker YBCO seed layer.

A potential drawback of this approach is the rclntivc  complexity of the S“l’OiYBCO/YSZ.  nmlti-

laycr buffer  systcm,  but the process has proven to be reliable and reproducible..  Another possible

problcm is a thickness limit on the YBCO overlaycrs, ciuc to stwss-induced  cracking

thermal expansion mismatch between YHC() and sapphire. Reported YB(O thickness

range from 2000 to 4000 ~ [ 13,1 4]. In the present work, wc have been car-cful  to
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YBCO thickness of the base plus the counterelectrodc  to around 3000 & and have seen no obvious

problems with film cracking. However, thermal stress problems could become more serious for

multilayer  circuit applications incorporating ground planes and epitaxial insulators. “l’here have also

been reports of long term degradation of YBCO thin films on silicon due to thermal stress effects

[11,1 2]. Aging effects should be less serious with SOS substrates, because the thermal expansion

coefficients of YBCO and sapphire arc more closely matched, but it will be important to exalilinc

long-term stability of dcviccs on SOS. It should also be noted  that the usc of multiple  buffer

may help reduce aging effects and stress cracking in the films,

dislocations can be introduced at the hcterocpitaxinl interfaces [ 12].

6. Summary

SOS substrates have the advantages of a moderate diclectl ic

because stress-relieving

layers

nlisfit

constant, a reasonable thernlril-

expansion match to YBCO,  and offe~ the possibility of intcgr-ation  with Si circuitly.  l>eviccs

fabricated directly on single YSZ buffer layers on SOS exhibit series weak links that appear to be

associated with grain boundary nucleation at the base -YBCOHSZ,  interface. 1’o eliminate this

problcm,  wc developed a rnultilayer  buffer systcxli which consists of an epitaxitil  S-l”O/’’sccd-

layer’’/YSZ hetcrostructure  grown on an SCJS substrate. “1’he novel feature of this approach is the

incorporation of the thin YBCO or PBCO seed layer which serves as a tc~np]atc for growth of a high-

quality S-l-O ovcrlayer. YBCO/STO/seed-lay er/YSZ/SOS hetcrostructures  show a dramatic

impl-ovcmcnt in S1’0 and YBCO film quality relative to structures which do not incoq>orate  the

YB(O seed layer. In addition, SNS Junctions fablicatcd on S-1’0N13C0/YSZ buffers with PBCO or

Co-doped YIICO  normal-metal layers exhibit greatly improved electrical characteristics, with RSJ-

Iikc I-V characteristics, modulating ac Josephson steps, and no evidence for series grain boundary

weak links. l’his is the first demonstration of high-quality, cpitaxial, ecl~c-geometry SNS weak links

on SOS substrates, and provides a key technology for ultra-lligl~-frcclLl  e~lcy 11”1’S stl~>clcol~{itlctillg

dcvicc applications, as well as for integration of superconductor and semiconductor circuitry.
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existence of a series grain-boundary weak

scale is 200 pV/div.

lzk!M.LcaE!im

Figure 1. (a) Schematic cross-sectional diagram of an edge-geometry YBCO/normal-metal/YBCO

SNS weak link with c-axis-oriented YBCO thin films. The double arrow illustrates current flow

through the active area of the device. (b) Cross-section of an edge junction showing a grain boundary

in the counterelectrode.  Such a grain boundary can nucleate at the base YBCO - buffer layer

interface if a reaction layer exists or there is a c-axis mismatch between the buffer layer and the

normal metal and countereIectrode.

Figure 2. Current-voltage characteristics for a YBCO edge-geometry weak link on a YSZ buffer

layer on an SOS substrate with a 150 ~ PRCO noriiml nmtal  Iaycr at 4.2 K. q“hc countmclectrodfi is 3

pm wide and 0.14 pm thick, and the base elcctrodc is 0.15 pm thick. The I-V curve suggests the

ink, ~’he vertical scale is 100 pA/div. and the horizontal

Figure 3. Schematic cross-section of a YBCO/SrTiO~/YSZ/SOS  hcterostructure.  Stuc]ics indicate

that the STO layer does not grow epitaxially over YSZ, and that the Y13C0  is not superconducting.

Figure  4. Schematic cross-section of a

addition of a thin YBCO (or PBCO) seed

quality of the S3’0 and Y13C0 ovcrlaycrs.

YBCO/Sr’1’iOs/Y13  C0/YSZ/SOS  hctcrostmcture.  T h e

Iaycr results in a dramatic improvement iri the epitaxial

Figure 5. In-phase (circles) and out-of-phase (tlianglcs)  ac susceptibility data for a YIICO/

S1’O/YBCO/YSZ/SOS  hctcrostructurc  with a 100 ~ YHCO seed Iaycr and a 1200 ~ YBCO

ovcrlaycr. l-he transition onset is 89.6 K with a transition width of 0.6 K. Similar structures, but

without a YBCO seed layer, show no superconducting transition to below 10 K,
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Figure  6. Cross-sectional ‘IXM micrograph  of YBCO/STO/YE]CO/YSZ/SOS  heterostructure  from a

portion of the same chip as measured in Fig,. 5, with convergent-beam electron diffraction patterns

from each layer. ‘I’he lattice fringes and diffraction patterns indicate that all layers are epitaxial,  in

contrast to heterostructurcs  which do not include the thin Y13C0  seed layer.

Figure  7. I-V characteristics for a YE3C0 edp,c-geometry weak link on a STO/Y13C0/YSZ multi]ayer

buffer on an SOS substrate with a 65 if PE3C0 normal metal layer at 65 K. l’hc counter-electrode is

1.8 pm wide and 0.11 pm thick, and the base electrode is 0.12 pm thick. l’hc electrical

characteristics show no eviclence for a series grain-boundary weak link. The vertical scale is 100

p.A/div.  and the horizontal scale is 50 pV/div.

Figure  8. I-V characteristics for a YBCO edge-geometry weak link on a STO/YIKO/YSZ  multilaycr

buffer on SOS with a 150 ~ Y}~azCU2.g~O0.z07-X  normal metal layer at 70 K. The countcrclectrode

is 1.8 pm wide and O. 16 ~m thick, and t}le base electrode is 0.15 ym thick. (a) No applied

microwave power. The electrical characteristics show no evidence for a series grain-boundary weak

link. (b) ac Josephson steps under 14.4 Gl Jz irradiation. The critical current has been suppressed to

zero at this microwave power. The vertical scale is 500 }~A/div. and the horizontal scale is 50

pV/cliv.

Figure  9. I-V characteristics for the sarrw device as in Fi.gurc 8, except at 77 K with no applied

micmwave  power. (a) Low voltage sweep with vertical scale “of 200 yA/div.  and horizontal scale of

50 yV/div.  (b) L.argc-range sweep showing countmclcctrocie  transition, but no evidence fcm series

grain boundary weak link. The vertical scale is 2 n~A/div.  and the horizontal scale is 500 pV/div.
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